Increase in cardiovascular reactivity following bilateral nephrectomy has previously been found to be independent of the presence of the central nervous system, mechanical exclusion of the renal vascular bed, or loss of renal excretory function. It was considered possible that increased responsiveness results from removal of endogenous stores of renin. In nephrectomized dogs
treated with crude kidney extracts, or infused continuously with synthetic angiotensin for 48 hours, enhancement of response to angiotensin and renin was inhibited while that to norepinephrine was not; response to tyramine was augmented as after infusion of angiotensin into intact dogs. Treatment with liver extracts alone did not inhibit response to renin or angiotensin; neither did continuous infusion of norepinephrine. When hog renin was added to liver extracts, the combination had the same inhibitory effect as kidney extracts. The data are in accord with the concept that depletion of endogenous renin contributes to the enhanced pressor responsiveness that occurs following bilateral nephrectomy.
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• Tigerstedt and Bergman (1) first showed that the systemic pressor response to crude kidney extracts is increased and prolonged in rabbits after bilateral nephrectomy. Subsequently, others found that dogs' pressor responses to angiotensin, norepinephrine, epinephrine, serotonin, tryptamine, and vasopressin are also augmented (2) (3) (4) (5) (6) . McCubbin and Page (6) noted that the increase in vascular reactivity of nephrectomized dogs is not -modified by__change_ in sodium intake, nor is it dependent upon the central nervous system, mechanical exclusion of the renal vascular bed, or loss of renal excretory function. This evidence suggests that normal kidneys inhibit pressor responsiveness but the mechanism involved is unknown. An unexplored possibility, analogous to the super-From the Research Division, Cleveland Clinic Foundation, Cleveland, Ohio 44106.
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Accepted for publication October 11, 1968. sensitivity that occurs after sympathetic denervation, is that depletion of endogenous renin following nephrectomy might account for the changed responsiveness. We have reexamined the problem from this viewpoint.
Methods
Adult mongrel dogs of both sexes weighing 10 to 25 kg were fed a standard kennel diet (a 1:2 mixture of Fromm Beef Product, Federal Foods, Inc., Thiensville, Wisconsin, and Ken L Ration, The... .Quaker .Oats . £o_..,_ Chicago,.. Illinois^ and given tap water to drink. Surgical procedures and determinations of pressor responsiveness were performed while the animals were anesthetized with sodium pentobarbital, 30 mg/kg, iv. Bilateral nephrectomy was done aseptically in one stage through flank incisions, and prophylactic antibiotics were given postoperatively.
During measurements of pressor responsiveness, arterial pressure was recorded with a straingauge manometer from a femoral artery, and test drugs were injected intravenously. Body temperature was kept constant with a heating pad, and intermittent positive-pressure respiration was used routinely. The drugs tested were: angiotensin II (Hypertensin, Ciba), 0.02 to 0.1 norepinephrine, 0.25 to 1.0 /ug/kg; tyramine, 50 to 100 /xg/kg (doses in terms of the respective salts); and hog renin (Nutritional Biochemical Co.) in a standard dose that produced an average pressor response of 16 mm Hg (± 6 SD) in 50 normal anesthetized dogs.
All experiments proceeded as follows: (a) an initial test for pressor responsiveness to establish control responses, (b) 7 to 14 days later, bilateral nephrectomy, (c) 24 to 48 hours were allowed to lapse and during this time the dogs were either untreated, injected with tissue extracts, or infused with angiotensin or norepinephrine, and (d) a second test for pressor responsiveness 24 to 48 hours after nephrectomy.
Tissue extracts were prepared using both kidneys of each dog or an equal weight of liver from a donor animal. Immediately after excision, the organs were weighed and stored in a refrigerator; 10 to 20 minutes later, they were ground in a Waring blender and mixed with 0.2% NaCl solution previously cooled to 4°C, 1.5 ml/g of tissue. After centrifugation at 2500 rpm, 4°C for 30 minutes, the volume of the supernatant fluid was reduced and isotonicity restored by flash evaporation. All extracts were stored at 4°C.
Angiotensin dissolved in isotonic saline with 1% bacitracin was infused continuously after nephrectomy by a small electrolytically driven pump (Sage Instruments, Inc.) which was in a harness on the dog's back. The pump delivered 6.5 to 7.0 ml during 24 hours and was connected to a catheter implanted in a jugular or femoral vein. When repeated measurements of arterial pressure were to be made, an indwelling catheter was also inserted into a femoral artery. Both arterial and venous catheters were passed under the skin to emerge at the back of the neck and, when not in use, were filled with heparin, 1000 U/ml. While still anesthetized after bilateral nephrectomy, the dogs' arterial pressures were recorded during the first hour of infusion of angiotensin. The dogs were then allowed to recover from anesthesia, and the infusion was continued for 2 days before pressor responsiveness was retested. In other experiments, instead of angiotensin, norepinephrine was infused; for this purpose, norepinephrine was dissolved in isotonic saline with 5% dextrose and 20 fj-g/ml ascorbic acid was added to the solution.
Results
Reproducibility of Pressor Responsiveness of Normal, Anesthetized Dogs.-Since pressor responsiveness may vary spontaneously, it was measured twice at an interval of 7 to 14 days in ten normal dogs. To minimize vari- ability of responsiveness, the precautions described by Page et al. (7) were observed. Conditions were kept as nearly constant as possible. Injections of norepinephrine, tyramine, and angiotensin were each repeated two or more times until responses were constant; because of its prolonged effect, renin was always injected last and only once during each test. There were no significant changes in the mean response to any of the four pressor agents ( Table 1) .
Effects of Bilateral Nephrectomy on Pressor Responsiveness and Arterial Pressure of
Anesthetized Dogs.-Pressor responses to all drugs tested were increased after bilateral nephrectomy. Responses were generally larger after 48 than after 24 hours but since differences in magnitude of augmentation were not statistically significant, results obtained from 26 dogs are pooled in Table 2 . Potentiation of response to renin was greatest, followed in descending order by angiotensin, norepinephrine, and tyramine.
The effect of bilateral nephrectomy on the level of arterial pressure was dependent on the time lapsed since the kidneys were removed. Average arterial pressure in 19 dogs was 128 mm Hg (± 3 SE) before, and 118 mm Hg (± 4 SE) 24 hours after nephrectomy (P<0.05). In contrast, in seven other dogs 48 hours after nephrectomy, average arterial pressure was 129 mm Hg (± 5 SE) before. Effects of kidney extract on pressor responsiveness after nephrectomy. T, tyramine; N, norepinephrine; A, angiotensin; and, R, renin (doses in ng/kg except for renin). Top: Control responses. Bottom: Eleven days later and 48 hours after bilateral nephrectomy. An extract made from the dog's own kidneys was injected subcutaneously in divided doses every 6. to 8 hours following nephrectomy. and 143 mm Hg (± 3 SE) after nephrectomy (P< 0.025).
Effects of Kidney Extract in Nephrectomized Dogs.-In an attempt to determine if the cause of increased cardiovascular reactivity is removal of a substance or substances produced by the kidneys, kidney extract was injected subcutaneously in divided doses following nephrectomy in seven dogs. Equal aliquots of the extract were injected every 6
Circulation Research, Volume XXIII, December 1968 to 8 hours so that after 48 hours the total amount of extract prepared from each dogs' own two kidneys had been injected. Although responses to all test drugs remained increased 48 hours after nephrectomy ( Fig.  1 ), the magnitude of increase differed from that in dogs subjected to nephrectomy alone ( Table 3 ). Potentiation of response to renin was significantly less in dogs treated with kidney extract; conversely, augmentation of response to tyramine was greater. Enhancement of response to the larger doses of angiotensin (0.05 figlkg) or norepinephrine (0.5 to 1.0 ju,g/kg) was about equal in both groups. With smaller doses, response to norepinephrine (0.25 to 0.5 /xg/kg) was more strongly potentiated in dogs treated with kidney extract than in those that were not, while the reverse was true for angiotensin (0.02 jag/kg), potentiation being more prominent in untreated than in treated dogs.
Rise of pressure occurred after nephrectomy whether the dogs were treated or untreated with kidney extract but there was no significant difference ( Table 3 ).
The effect of kidney extracts after responsiveness had already been increased by nephrectomy was also measured. After establishing that pressor responsiveness was enhanced 24 hours following bilateral nephrectomy, kidney extract was injected, and tests for responsiveness were repeated 3 hours later in nine dogs. To facilitate absorption, the extract prepared from both kidneys of each dog was divided into four equal doses which were injected into different subcutaneous sites simultaneously and cutaneous vasodilatation was induced by a heating pad over the injection sites. Three hours after injection of the extract, mean arterial pressure was increased by an average of 32 mm Hg (±2 SE). Responses to renin and angiotensin were reduced while those to tyramine and norepinephrine were either unchanged or slightly Inhibition by kidney extract of enhanced responsiveness to renin and angiotensin. Drugs designated as in Figure 1 . increased (Fig. 2 and Table 4 ). If selective inhibition of responses to injected renin and angiotensin is caused by endogenous renin in kidney extracts, then extracts of other organs like the liver, which do not contain renin, should not produce inhibition. This possibility was initially explored by injecting extracts of liver, instead of kidney, into six dogs that showed augmented responsiveness 24 hours after nephrectomy. The extract was prepared using liver in amounts equal in weight to both kidneys of each dog. Three hours after injection of liver extract, mean arterial pressure had increased by an average of 7 mm Hg (± 5 SE); augmentation of responses to angiotensin and renin remained undiminished while that to norepinephrine and tyramine was slightly increased further. Average pressor responses (mm Hg) 24 hours after nephrectomy were: renin, 30 ± 4; angiotensin, 21 ± 2 to 0.02 /xg/ kg, and 32 ± 3 to 0.05 /xg/kg; norepinephrine, 26 ± 2 to 0.5 /xg/kg, and 38 ± 5 to 1.0 itg/kg; and tyramine, 15 ± 2. Following injection of liver extract, the average responses were: renin, 28 ± 1; angiotensin, 24 ± 1 to 0.02 /xg/ kg, and 33 ±2 to 0.05 /xg/kg; norepinephrine, 32 ±4 to 0.5 jig/kg, and 47 ± to 1.0 fig/ kg; and tyramine, 22 ± 4. Since these results indicated that liver does not contain substances that inhibit pressor responsiveness, additional experiments were done to determine if addition of exogenous renin to liver extracts would produce inhibition.
To approximate the renin content of each dog's own kidneys, 4.3 Goldblatt units of hog renin (average pressor activity per gram of cortex from normal dogs as determined by Bliddal et al. [8] ) were added for each gram of liver. The mixture was injected into eight dogs that showed augmented respon-Circulation Research, Volume XXIII, December 1968 siveness 24 hours after bilateral nephrectomy. Three hours after injection, mean arterial pressure had increased gradually by 8 mm Hg (± 5 SE). Effects on pressor responsiveness were similar to those produced by kidney extract; responses to angiotensin and renin were reduced while those to norepinephrine and tyramine were either unchanged or slightly increased. Average pressor responses (mm Hg) 24 hours after nephrectomy were: renin, 35 ± 3; angiotensin, 27 ± 2 to 0.02 /xg/kg, and 40 ± 2 to 0.05 /ig/kg; norepinephrine, 32 ± 5 to 0.5 /xg/kg, and 49 ±6 to 1.0 /xg/kg; and tyramine, 15 ±1. Following injection of liver extract with added hog renin, the average responses were: renin, 23 ± 2; angiotensin, 21 ± 1 to 0.02 fig/kg , and 31 ± 2 to 0.05 /xg/kg; norepinephrine, 36 ±4 to 0.5 /xg/kg, and 51 ± 6 to 1.0 /xg/kg; and tyramine 16 ± 1. If the preparation of hog renin used had been pure renin, these results would indicate that the inhibitory effect of kidney extracts depends on their renin content; but because hog renin is not pure, it is possible that substances other than renin are involved. Ideally, this question should be resolved by injecting pure renin into nephrectomized animals; alternatively, in the absence of pure renin, we have used continuous infusion of angiotensin.
Continuous Infusions of Angiotensin or
Norepinephrine into Nephrectomized Dogs.
-Intravenous infusion of angiotensin was started after removal of both kidneys and continued for 48 hours thereafter. Two infusion rates were used: 2 ng/kg/min in nine dogs and 4 ng/kg/min in eight others. Neither had significant effect on systemic arterial pressure initially or at the end of the infusion. With infusion of 2 ng/kg/min, responses to renin, angiotensin, and norepinephrine were potentiated to about the same extent as in dogs subjected to nephrectomy alone. Average pressor responses (mm Hg) were: renin, 11 ± 2 before, and 33 ± 5 after nephrectomy; angiotensin (0.05 /tg/kg), 24 ±2 before, and 40 ± 5 after nephrectomy; and norepinephrine (0.5 /Ag/kg), 27 ±2 before, and 34 ±2 after nephrectomy. By contrast, responses to tyramine were augmented more in the dogs that were infused (from 11 ± 1 to 22 ± 4 or a percent increase of 114 ±29), than in those that were not (see Table 3 ; a percent increase of 30 ±8).
There was no significant potentiation of response to either renin or angiotensin in the eight dogs that were infused with 4 ng/kg/ min of angiotensin ( Fig. 3 and Table 5 ). The increase in response to tyramine in these dogs (+125 ±15%) was slightly greater than that produced by infusion of 2 ng/kg/min and almost identical with that of dogs treated with kidney extract (+126+16%; P< 0.488). Potentiation of response to norepinephrine did not differ significantly from that of dogs subjected to nephrectomy alone.
To determine specificity of inhibition of response to renin and angiotensin produced by infusion of angiotensin, norepinephrine, 40 ng/kg/min, was infused continuously for 48 hours after bilateral nephrectomy in seven dogs. Norepinephrine, at this dose, had little or no effect on arterial pressure. It did not prevent potentiation of response to renin but produced further enhancement of response to tyramine. The average pressor response (mm Hg) to renin was 15±3 before, and 32 ± 4 after nephrectomy; for tyramine, it was 13 ± 2 before, and 30 ± 3 after nephrec- Prevention of enhanced responsiveness to renin and angiotensin by continuous infusion of angiotensin, 4 ng/kg/min, after nephrectomy. Top: Control responses recorded 7 days before bilateral nephrectomy. Middle: Arterial pressure during the first hour of infusion started immediately after nephrectomy. To determine possible immediate pressor effects of the infusion, after 35 minutes it was stopped for 5 minutes. Bottom: Responses after 48 hours of continuous infusion. tomy. Changes in response to either angiotensin or norepinephrine were equivocal; in half of the animals there was potentiation but in the others, responses were either the same or even diminished after nephrectomy.
Discussion
The mechanism of the augmented cardiovascular reactivity that occurs after bilateral nephrectomy had been an intriguing, but unresolved, problem since Tigerstedt and Bergman (1) first demonstrated its occurrence in 1898. Various possibilities have been considered. A logical one was that augmentation is due to loss of renal excretory function with its attendant increase in fluid volume and electrolytes. But this is unlikely since increase in pressor responsiveness does not occur even when renal excretory function has been abolished. This has been done in dogs, after removal of one kidney, by transplanting the ureter of the remaining kidney so that it drains into the vena cava (6) . Another explanation could be that pressor agents are normally inactivated in part by the kidneys. If this were an important factor, augmentation should occur immediately after the kidneys are removed or excluded from the circulation, but it does not (3, 6) . Increase in substrate levels for renin after nephrectomy (2, 9) could partly explain enhancement of response to renin but it would not account for that to angiotensin, norepinephrine, or tyramine. Further, it has been shown that substrate concentration remains constant 24 hours after bilateral nephrectomy and yet, the amount of angiotensin generated by a given amount of renin continues to increase progressively (10) .
There may be species differences in the effects of bilateral nephrectomy on pressor responsiveness. In rats, it has been claimed that sensitivity to angiotensin is unaltered (11), but more recent studies have shown that pressor responses to both renin and angiotensin are increased following nephrectomy (12) .
The existence of an as yet unknown substance that augments pressor responsiveness
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and is normally inactivated by the kidneys is another possibility. Alternatively, the kidneys may normally secrete an inhibitory substance. Of these two possibilities, the second appears more plausible since Page and Helmer (2) found that transfusion of blood from normal into nephrectomized dogs inhibits pressor responsiveness, thus suggesting the existence of an inhibitory material that disappears after nephrectomy. In line with this, another factor to be considered is the pure phospholipid renin inhibitor isolated recently from dog kidneys (10) .
While the different possibilities considered above may have a bearing on the problem, none provide an explanation for all the findings. A possibility that has not been explored previously is that enhanced responsiveness after nephrectomy is part of a general biological phenomenon, in that whenever the body is deprived of a naturally occurring substance, it becomes supersensitive to that substance. Increased vascular reactivity after nephrectomy may be analogous to the supersensitivity to thyroid extract of athyroid animals, or to catecholamines following sympathetic denervation; in all instances, the increase in sensitivity might be due to the availability of more receptor sites resulting from depletion of the endogenous substance.
Our experiments indicate that depletion of endogenous renin can account for enhanced pressor responsiveness since enhancement was reduced when nephrectomized dogs were treated with crude saline extracts of their own kidneys. In control experiments, extracts of liver were ineffective, but when hog renin was added, the degree of augmentation was reduced. Diminished enhancement following continuous infusion of subpressor doses of synthetic angiotensin adds support to the concept. The manner in which depletion of endogenous renin enhances pressor responsiveness is unknown.
Increased responsiveness to tyramine and norepinephrine after nephrectomy may, but possibly not, require another explanation. In view of recent demonstrations of multiple interactions between the renal pressor and sym-pathetic nervous systems, it is not altogether surprising that sensitivity to norepinephrine and tyramine also changes after nephrectomy. An example of such interrelationships is the demonstration by McCubbin and Page (13) that infusion of angiotensin increases the pressor response of intact dogs to agents or procedures that release endogenous norepinephrine. Similarly, Kaneko et al. (14) found that infusion of subpressor doses of angio tensin into normotensive subjects significantly increased pressor responses to tyramine and ephedrine. Also, the vasoconstrictor action of angiotensin in the dog's perfused hind limb is reduced by sympathectomy (15) , and Zimmerman (16) has shown that it is restored by electrical stimulation of the distal cut end of the sympathetic trunk. Accordingly, changes in responsiveness to catecholamines after nephrectomy may represent still another interaction between the renal pressor and sympathetic nervous systems.
Further enhancement of response to tyramine when nephrectomized dogs are treated with kidney extracts, or infused with angiotensin, is more readily explained. In normal, unanesthetized dogs, McCubbin et al. (17) noted that response to tyramine is potentiated by infusion of angiotensin at a rate of 10 fig/ kg/day. We found the same effect in nephrectomized dogs even when a dose of angiotensin (2 ng/kg/min or approximately 2.9 fig/ kg/day) that did not affect response to renin or angiotensin was infused. The effectiveness of lower doses in nephrectomized dogs may be due to absence of renal inactivation of circulating angiotensin. Because tyramine acts partly by releasing endogenous norepinephrine, its pressor effect is also enhanced by infusion of exogenous norepinephrine.
